Introduction
Independent unsupported sitting, with a vertically aligned head and trunk (head-trunk) is a milestone of typical development and requires full motor control of the head-trunk [1] . Reduction or absence of head-trunk control can result from neuromotor disability such as cerebral palsy (CP) with the consequent lack of independent sitting ability leading to functional limitations [1] .
The head-trunk is a kinetic chain of segments comprising the head and neck and successive trunk segments to the pelvis. These axial segments branch into the upper limbs. The term 'Controlled Kinetic Chain' (CKC) denotes the biomechanical chain as a controlled entity and is used in the context of determining the neuromuscular control status of individual joints within that chain [2] . In independent unsupported sitting, full motor control of the whole kinetic chain of the head-trunk and upper limbs is demonstrated only when there is no end of range mechanical support at any axial joints or from external objects other than the primary support surface. This control without mechanical support is termed an Open-CKC [2] . In the trunk, a sitting posture that is, for example, slumped into full lumbar flexion with passive end of range mechanical support from intervertebral ligaments obviates the need for active control; it is termed a Closed-CKC [2] . This closure is assessed clinically by analysis of trunk alignment [3] . Use of the upper limbs or an external object to support the trunk mechanically can also remove the need for active control and is also termed a Closed-CKC [2] . This closure is assessed clinically by observation of the upper limbs in relation to the trunk and external objects. For example, if a person rests one hand on his/her thigh, then this can help maintain a sitting posture in the presence of poor trunk control even if the trunk is apparently aligned.
Assessment of trunk control should thus consider both alignment of the head-trunk segments and use of the upper limbs. In neuromotor disability such as CP, motor control is usually assessed through comparison with typically developing children and inferring control status from functional activities [4, 5] or through a child's ability to maintain a balanced posture either statically and/or dynamically [6, 7] . The Segmental Assessment of Trunk Control (SATCo), uniquely assesses CKC status at six trunk segmental levels and free sitting [3] . Although it provides greater information about motor control strategies, in common with other clinical tests, it is subjective. Objective quantification is desirable since it is repeatable, eliminates variability between and within assessors and offers the potential for quantifying clinical changes over time. In order to complement a clinical assessment, an objective automated system should incorporate the rules existing in the specific clinical test. It should also be practical for clinical use and thus 'clinically-friendly' for both for the child and the therapist.
A method for quantifying postural alignment in sitting has been developed that uses a video-based system [8] . The aim of the study reported here was to explore the potential for an automated method to establish use of the upper limb component of the CKC. This was achieved by: i) defining the clinical rules to assess the upper limb kinetic chain status through video recordings; ii) formulating a method to replicate the clinical rules with quantities that could be measured and classified objectively; and iii) testing the extent to which the objective method replicates the clinical judgement. Initial development was performed with a group of healthy adults to eliminate the complications associated with compromised motor control. The system was then tested in a real clinical context with a group of children with CP. Children were recorded during the routine SATCo performed as part of their TT therapy.
Apparatus and measurements
Data were collected simultaneously using a 3D motion capture system and one video camera.
3D Motion Capture
Motion data was collected using a ten-camera system (Vicon Nexus, Oxford Metrics, Marker reconstruction and gap filling used Vicon-Nexus software (version 1.8.5).
Processing was performed using Visual 3D (v.5.01, C-motion, Germantown, MD, USA); marker trajectories were lowpass filtered at 6Hz. Data was exported to Matlab (Mathworks, Cambridge, MA) for further analysis.
Video recording
Video was recorded at 25Hz from one video camera (JVC, HD Everio RX110)
mounted on a levelled tripod placed directly in front of the Adult-group at a constant distance of 3.90m and constant height of 0.90m. For the Child-group the camera was placed at right diagonal front (approximately 45°) to allow the parent to stand in front of the child without obstructing the camera view. The camera was at a constant distance of 2.5m and a constant height of 0.75m. Either front or oblique views are permissible for SATCo.
A second lateral view camera was used to confirm those trials where the head-trunk was vertically aligned and only those trials were processed.
Data processing and analysis
The Vicon and video were synchronised prior to analysis using an initial manual synchronisation followed by automated fine tuning using cross correlation.
Clinical identification of Open-CKC
The clinical classification of CKC status was performed by five clinicians familiar with this process (5-20 years of daily use). Assessors followed a defined clinical rule to assess the upper limb kinetic chain status from video recordings. This rule was: a
Controlled-Kinetic-Chain is open when there is no contact between an unsupported segment and any other part of the body or any external objects. 'Contact' includes firm or light touch; 'external objects' include the supporting bench, toys, parent's hands and the hands supporting the trunk. Definition and assessment of the aligned posture in sitting has been described elsewhere [3, 8] .
Open-CKC frames were identified from both the adult and child videos and frame numbers exported to Matlab for further analysis. The collective classification of all assessors was calculated by the mode classification for each frame.
Inter-assessor reliability was tested using a two-way mixed, absolute, average measures intraclass correlation coefficient (ICC 3,1) for each group. Intra-assessor reliability was tested for one of the assessors with 49 randomly selected videos from both groups.
Automated identification of Open-CKC.
For the automated (Vicon) classification of Open-CKC the classification rule was simplified to the location of four markers (both hands, elbows) in relation to the body and supporting bench. The body was represented by a 3D cylindrical volume covering the head-trunk and pelvis, and the bench was defined as the volume below the trochanteric markers ( Figure 1 ). These two volumes were termed 'supported-volume'.
The shortest distance from the hands and elbows to the supported-volume was calculated by customised Matlab code (Figure 2-A, B ). An Open-CKC was present when all distances (both hands and elbows) were > t mm, where the threshold (t) was an adjustable parameter ( Figure 1 , Figure 2 
-C, D). Three methods for setting t-values
were used: i) t = 0 (unfitted); ii) adjusting t using an optimisation routine to maximise agreement with the collective clinical assessment (fitted); and iii) using generalised fixed values not requiring assessor judgement (fixed-values).
Agreement between clinical and automated methods
The agreement between the automated and the collective clinical classification of Statistical difference between processing agreement methods was calculated with a repeated measures ANOVA for each group. The differences between segmental levels for each group was assessed using a univariate analysis for each processing method.
Results
Twenty-nine Adult-group trials and 52 Child-group trials were analysed separately.
The clinical inter-assessor consistency of Open-CKC identification was excellent for both groups (Adult-group ICC=0.96, Child-group ICC=0.95). Intra-assessor reliability was also excellent (ICC=0.89). (Figure 3-A) .
The clinical v automated agreements (unfitted) were significantly different (p≤0.001)
between the UT and all the other segmental levels in the Adult-group, and between the UT and MT, LL and FS (both p<0.05) for the fitted processing (Figure 3-A) . There were no differences for the fixed-values processing. In the Child-group there was no significant difference between segmental levels for any of the agreement methods (Figure 3-A) .
For the fitted agreement the optimal t-values are presented in Figure 3 Results showed that the clinician intra-and inter-assessor reliability was excellent with either a frontal view (Adult-group) or an oblique view (Child-group). Humans can extract 3D information from a single camera view and extracting this full 3D information automatically will be technically challenging. Thus, the next step taken in this study was to determine the minimum 3D information that might be required by an automated system.
This study describes two groups of participants. These groups differ so widely that it was inappropriate to consider the Adult-group a 'control-group'; the Adult-group, however, served in the initial development to eliminate the complications associated with compromised motor control.
Results for the unfitted method showed that it was possible to classify Open-CKC v Applying parameter t without using clinical assessment was tested in the fixed-values method. Results showed that it was possible (more than 70% agreement), to replicate the clinical judgement using fixed values of t that were participant invariant and level of segmental support specific. Using general values in this way implies that the method is fully automated i.e. clinical judgment is not needed to modify the t. However, this study used relatively small groups of participants; increasing the number of participants could help to refine the general t-values and increase the fixed-values reliability. Furthermore, it remains possible that this automated rule could be improved further using participant specific measurements.
The work developed in the present study used a 3D motion capture system to support the concept. There are, however, several difficulties with this system. A clinician can detail the volume of the upper arm and see its relation to the supporting hands or the participant's body and can distinguish the presence of light touch that results in a Closed-CKC. A clinician can also easily identify external supporting elements from video such as a child's contact with parents' hands. In contrast, the 3D system was based on a simplified model of the upper arms and, even if this model was more complex, it would still be difficult for a 3D motion capture system to identify light touch.
Furthermore, external objects can only be recognised by a 3D system if they have reflective markers.
This assessment overall (alignment and CKC status) will measure the head/trunk control demonstrated by a child. It is known that typically developing infants achieve independent sitting between 6 and 8 months of age [9] . The full assessment of alignment and CKC status will allow measurement of this process in typical development and of the emergence of trunk control in children with CP; this may lead to greater understanding of control elements related to immaturity and/or to dysfunction. The children in this study could be showing trunk control that is primarily related to their dysfunction but this cannot be stated definitively at this stage of development of the quantitative and automated tool. Although the position of the hands and arms in relation to independent sitting has been studied before both using video analysis [10] and a 3D motion capture system [11] , the analysis was related to symmetrical or asymmetrical reaching and to the qualities of reaching and manipulation. As far as could be determined from the literature, the use of the upper limbs to compensate for poor trunk control in sitting has not been previously studied.
This study has demonstrated that the upper limb component of a CKC can be identified objectively and that it matches with the clinical judgement. The shortcomings of a 3D system have also been identified. These difficulties can be overcome by the development of a video-based system using the factors established in this study to complement clinical assessments in neurodisability such as cerebral palsy.
Conclusion
This 
